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4
SPIN TRANSPORT IN GRAPHENE ON SrTiO

ABSTRACT

Graphene is a promising material in spintronics due to the predicted long intrinsic
spin relaxation time up to µs and extremely high charge carrier mobilities. How-
ever, in spite of extensive experimental endeavours, the measured spin relaxation
time falls orders of magnitude below the theoretical predictions. This is mainly
because it is strongly limited by extrinsic factors related to its local environment.
New understanding has recently emerged on the influence of extrinsic factors by
studying the charge transport in graphene on SrTiO substrates, along with its tem-
perature dependence. Here we use the electronically rich platform of SrTiO to
study the complex interdependence of the increasing relative permittivity with de-
creasing temperature on spin transport in graphene. We associate the temperature
dependence of the spin transport parameters in graphene to the modulation of the
electric field at the SrTiO surface due to the presence of intrinsic electric dipoles.

R. Ruiter, S. Chen, V. Makthar, A. M. Kamerbeek, T. Banerjee
under consideration for Scientific Reports
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. introduction

Charge and spin transport parameters in two-dimensional graphene is strongly in-
fluenced by extrinsic factors related to its local environment. Extrinsic influences
range from adatoms [], the choice of the underlying substrate (suspended, encap-
sulated or high relative permittivity) [, ], and the quality of the contacts [, ].
Earlier works have shown that the carrier mobility in graphene can be limited by
these extrinsic factors, due to scattering with phonons and the screening efficiency
of different substrates [, ]. Studying the robustness of charge and spin transport
to its local environment is important for the design of new electronic and optoelec-
tronic devices with graphene.

In this context SrTiO (STO) is an interesting choice as a substrate for several
reasons. First, STO has a remarkably large relative permittivity εr of  at room
temperature that increases non-linearly to >  at K []. Furthermore the rela-
tive permittivity is strongly influenced by an electric field. Second, STO undergoes
a ferroelastic transition changing from cubic (a = .Å) to tetragonal symme-
try (c/a = .) at T = K []. This is accompanied by structural domains
that can be moved with an external gate-bias []. While the high εr in STO can
screen Coulomb potentials, originating from impurities on the substrate or on top
of graphene, the movement of structural ferroelastic domains in STO at low tem-
peratures, could lead to potential modulations which cause local fluctuations in
the carrier density of graphene. Thus STO offers an electronically rich platform to
modulate and control the electronic transport in graphene-based devices.

Recent studies have reported on the charge transport in graphene on STO [,
–], in order to understand the influence of the high εr and its role in impurity
screening and thereby improving the charge mobility µ in graphene []. However,
the first experiments by Couto et al. did not show a large increase in mobility as
compared to graphene on SiO. It was shown that the mobility of graphene is not
limited by impurities of an electrostatic nature, which can be screened by STO,
but rather by pseudomagnetic fields induced by random strain fluctuations from
the substrate []. More recently Sachs et al. studied the charge transport at  and
K and observed a slight increase in the mobility at low carrier densities and a
hysteresis in the sheet resistance upon applying a gate voltage []. These features
were also observed in a temperature dependent (between  and K) study by
Saha et al. [].

In spite of these charge transport studies in graphene on STO, the influence of
the substrate on spin transport in graphene are unknown. In this work, we investi-
gate the role of the large, temperature dependent, non-linear relative permittivity
on spin transport in graphene and across the ferroelastic transition of STO.

. device fabrication

In order to pursue this, lateral spin valves of exfoliated graphene on TiO termi-
nated STO were fabricated. One side polished STO () substrates (Crystec GmbH)
were treated with a standard protocol [, ] to achieve a TiO terminated surface.
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An atomic force microscope image of
the TiO terminated STO substrate after
surface treatment and annealing at  ◦C
is shown here. The inset shows a height
profile of the terrace steps.

Next, graphite (grade ZYA) was exfoli-
ated on a clean SiO/Si wafer and single
layers of graphene were selected based on
optical contrast. A × µm flake was transferred from the SiO to the desired area
on the STO substrate using a dry pick-up technique [].

µm AlOx/Co/Al
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graphene
SrTiO

     

Electrical contacts were defined using
electron beam lithography and deposited
using electron beam evaporation in multi-
ple steps. A tunnel barrier was deposited
in a two-step process: first .nm of alu-
minium was deposited and oxidised for 
minutes in a pure oxygen atmosphere (up
to a pressure of ∼ mbar). This step was
repeated once more to obtain a ∼ nm thick
AlOx tunnel barrier. Thereafter nm of
cobalt was deposited to make the ferromag-
netic contacts and were capped with a nm
aluminium layer, to prevent the cobalt from oxidising. A false coloured scanning
electron microscope image of the final device, used for spin dependent measure-
ments, is shown here on the right. The substrate was bonded on a chip carrier using
silver paste, which serves as the back gate for our transport measurements.

. measurement method
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yThe spin transport measurements
were done using a non-local geom-
etry, as shown here. This geome-
try separates the charge current
path from the voltage contacts to
exclude spurious signals. In this
configuration both spin valve as
well as Hanle precession measurements were done.
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Rnl (Ω)Spin valve measurements were performed
by sweeping an in-plane magnetic field B in
the y-direction. Simultaneously, the non-local
resistance Rnl = V /I was measured, using
lock-in techniques at frequencies < Hz. Two
different Rnl levels as a function of B were
observed: one for a parallel R↑↑ and one for
an anti-parallel R↑↓ orientation of the inner
contacts ( and ). The outer contacts are far
away and their contributions do not appear in the measurement [].
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Additionally Hanle precession measurements were performed. For these mea-
surements the inner electrodes were in a ↑↑ or ↑↓ configuration and the B-field is
swept out-of-plane (z-direction), while measuring Rnl, as shown in the figure on the
left. Spins injected at contact  precess around the B-field, thereby changing the
projected spin component along the y-direction when they were detected at con-
tact  (  ↑ ↑↑ ↑ ↑ ↑ . B ). A common background was subtracted to
obtain the pure spin signal using: Rs = /(R↑↑ −R↑↓). The data after background
subtraction is shown on the right and it was fitted with the steady state solution
to the Bloch equation in the diffusive regime [, ]. From this, the spin diffusion
constant Ds and the spin relaxation time τs were obtained and the spin relaxation
length was calculated using: λs =

√
Dsτs.
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Ds = ±  cm/s

T =  K
L = µm

. temperature dependent spin transport

In order to investigate the influence of εr on spin transport, temperature dependent
Hanle measurements were performed. The sample was cooled down to  K and
stepwise heated up to  K. At each temperature three measurements were done: a
spin valve measurement, a parallel and anti-parallel Hanle.

The measurements were done in a non-local geometry, as shown below. This
geometry allowed for a simultaneous measurement in two different parts of the
graphene, with inner electrode spacings of . and µm. A current is injected (ex-
tracted) by contact  () and detected by V and V and a magnetic field is applied
perpendicular to the graphene plane (z-direction) for Hanle measurements and
along the y-direction for spin valve measurements.
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The extracted spin parameters (Ds, τs)
are shown together with the calculated
λs =

√
Dsτs. Both Ds and τs show a visible

increase from  to K, after which they
decrease until RT, with a small dip around
K. No spin signal was measured be-
low K for the electrode spacing of µm.
This is likely due to the fact that the mag-
netisation of either contact  or , or both,
were not properly magnetised along the
easy (x) axis of the contact. Also note the
difference in τs between the two different
electrode spacings. This can be explained
by the fact that our contacts were inva-
sive [], which occurs when the contact
resistance Rc is relatively low compared
to the square resistance of graphene R�.
In this case they were Rc =  − kΩ and
R� ≈ kΩ.

L Vg Ds Dc τs
µm V cm/s cm/s ps
  () ()

.  ()  ()
 () ()

  ()  ()
 () ()

  () ()
 () ()

Since the invasiveness of the contacts
depend on the R� and thereby influence
the spin parameters, it is important to
know if and how R� changes with the ap-
plication of a gate voltage or at different
temperatures. Therefore Ds and τs were
measured at different gate voltages Vg at
K for different inner contact separations
L. Note that τs and Ds increases slightly at
higher Vg (or n) for most measurements.

Additionally, the charge diffusion coef-
ficient Dc has been calculated using the Einstein relation σ = qνDc []:

Dc =


R�qν
=

~vF

R�q

√
π

gvgsn
,

where R� is the square resistance of graphene, q the electron charge, ν is the density
of states (DOS) of graphene, ~ is the reduced Planck constant, vF ≈ m/s is the
Fermi velocity, gv =  and gs =  are the twofold valley and spin degeneracies and
n is the carrier density, which can be estimated with the parallel plate capacitor
model:

n =
εεr

dq

(
Vg −VCNP

)
,

where ε is the permittivity of vacuum, εr =  is the relative permittivity of
STO at K [], d = .mm is the thickness of the dielectric and VCNP is the gate
voltage at the charge neutrality point (CNP). Only for two measurements Dc was
calculated, since R� of graphene on STO shows hysteresis and can change with
time []. Therefore for an accurate comparison of Ds and Dc, the spin and charge
properties need to be measured simultaneously, or we can compare them if Vg = .
At Vg = V the carrier densities were calculated using VCNP(L = .µm) = .V and
VCNP(L = µm) = .V and the obtained values for Dc roughly match with Ds.
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. temperature dependent charge transport

µm
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In order to get a quantitative measure of R� and n of
graphene on STO with temperature, another sample was
prepared where the contacts were positioned in a Hall
geometry. However, instead of ferromagnetic contacts,
Ti()/Au(nm) contacts were used. An optical image of
the device is shown on the right, where the graphene flake
has been outlined.

For a better correlation between the charge transport
parameters of this device and the one used for spin transport, the gate sweep proto-
col (used to find VCNP) was kept similar. This is of importance, due to the complex
and slow relaxation of the surface dipoles []. The protocol was as follows: ) Cool-
ing the sample to K, ) applying a gate sweep starting at V to −V to V and
back to V, ) heating up the sample while measuring n at various temperatures.
During this measurement VCNP of graphene was found at V.

    





 artifacts

Temperature (K)

n ( cm−)
gate applied at low temperatureThe carrier density n showed a com-

plex behaviour with temperature. First
the carrier type changed around , 
and  K. Similar changes were seen in
earlier work and were associated with the
slow relaxation, of several hours at room
temperature, of STO’s surface dipoles [].
Second, when the carrier type changes
this can result in an artificially high car-
rier density. Seen in this case around 
and  K and denoted by . This is likely
due to the fact that close to the CNP both electrons and holes were present in the
graphene. For both charges the Lorentz force was in the same direction and no net
charge was built up at the sides of the channel. This gave rise to a small transverse
resistance Rxy and an artificial high n, via n = B/(qRxy). Third, the trend of n versus
T , closely resembles the trend of εr vs. T of STO, especially visible at T < K [].
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The resemblance is clearer when the
same measurement is repeated without
applying a gate at low temperature and
thereby getting rid of the complex relax-
ation of the surface dipoles of STO. The
remaining trend of n versus T shows a
clear analogy with εr of STO, as shown in
the inset. The resemblance is due to the
fact that negatively charged oxygen atoms
protruded from the TiO terminated
STO surface [] and strongly doped the
graphene towards the hole regime at K. When the temperature was increased, the
dielectric permittivity εr of STO decreases. As a consequence the induced hole dop-
ing is lowered, since n ∝ εrE, where E is the electric field generated by the surface
dipoles. Since the measured n comprises of external doping (from water, polymer
residues etc.) plus doping induced by the substrate dipoles, the flake can even end
up in the electron doped regime if the external doping is high enough, as seen here.



.. modelling of the non-local signal 

. modelling of the non-local signal

In order to get a better understanding of the connection between the spin and
charge transport measurements, the non-local signal was modelled using [, ]:

Rnl = ±P
R�λs

W
(R/λs)e−L/λs

(+ R/λs) − e−L/λs
,

where P is the polarisation of the contacts, R� is the square resistance of graphene,
λs is the spin relaxation length, W is the width of the flake, L is the distance be-
tween the inner electrodes and R signifies the influence of the contacts on the mea-
sured non-local signal and is defined as R =WRc/R� [, ].

    







Spin data of L = .µm

Modelled, based

on P at  K

Temperature (K)

Rnl(Ω)At  K the spin parameters and R�
were measured and the polarisation P
of the contacts was calculated to be %
(with Rc = .kΩ and R� = .kΩ).
Thereafter P was used, together with Rc
and R� (all assumed to be constant at
all temperatures) and the measured λs,
in order to calculate Rnl. In the graph it
is compared to the measured non-local
resistance and we see a large deviation
between the two, with the exception of the point at  K (from which P was deter-
mined). From this it is clear that our assumptions were probably incorrect.

Hall based

measurement

Modelled with .µm spin data

    







Temperature (K)

R� (kΩ)From the charge transport mea-
surements it is known that n and thus
R� changes with temperature. This is
shown on the right where R� versus the
temperature was measured with the
Hall device and is plotted in . We
then numerically calculated what R�
would need to be in order to explain the
measured Rnl and λs from the previous
graph, assuming a constant Rc = .kΩ
and P = %. The numerical result is
plotted in .

When comparing the result of the modelling with the Hall based measurement,
it is important to look at the range of the variation of R� and not necessarily the
trend of R� with temperature. The trend of R� vs. T depends on the initial (exter-
nal plus dipole induced) doping of the graphene flake and is usually not the same
for two devices. However we can compare the range of R�. Since both vary in re-
alistic ranges from a few Ω to a few kΩ, the variation of Rnl can be reasonably
explained when assuming invasive contacts and a temperature dependent R�.



 . spin transport in graphene on strontium titanate

. conclusions

We have performed spin transport in graphene on TiO terminated STO in a tem-
perature range from  to K. Our results show a non-trivial dependence of the
spin transport parameters in graphene and their tunability with temperature, even
in the absence of an externally applied gate voltage. Our work demonstrates that
the local field created by the surface electric dipoles in STO not only influences the
charge transport, but also the spin transport in graphene. Using a simple model,
we show that the electric field generated by the surface dipoles, provide a plausible
explanation for the temperature behaviour of the spin parameters.

We would like to acknowledge J. G. Holstein, H. M. de Roosz, H. Adema and T.
J. Schouten for their technical support and J. J. van den Berg for discussions. This
work was realised using NanoLabNL (NanoNed) facilities and is a part of the ’Func-
tional Materials’ programme (project number ..), financed by the Nether-
lands Organisation for Scientific Research (NWO).
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